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Low mass suspension systems with high-Q pendulum stages are used to enable quantum radiation
pressure noise limited experiments. Utilising multiple pendulum stages with vertical blade springs
and materials with high quality factors provides attenuation of seismic and thermal noise, however
damping of these high-Q pendulum systems in multiple degrees of freedom is essential for practical
implementation. Viscous damping such as eddy-current damping can be employed but introduces
displacement noise from force noise due to thermal fluctuations in the damping system. In this paper
we demonstrate a passive damping system with adjustable damping strength as a solution for this
problem that can be used for low mass suspension systems without adding additional displacement
noise in science mode. We show a reduction of the damping factor by a factor of 8 on a test
suspension and provide a general optimisation for this system.
I. INTRODUCTION
The recent discoveries of gravitational waves (GW) [1–
3] have firmly established a new era of gravitational wave
astronomy. To achieve the required sensitivity GW de-
tectors such as Advanced LIGO (aLIGO) [4] employ sev-
eral techniques to reduce unwanted noise sources. One
limiting noise source at low frequencies is seismic noise.
To attenuate the influence of this limiting noise source
the mirrors are suspended as cascaded multi-stage pen-
dulums [5], in this paper referred to as suspensions, and
are additionally mounted on actively controlled seismic
attenuation tables [6].
In this configuration every pendulum stage acts as a
harmonic oscillator with a 1/f2 response above the high-
est pendulum mode-frequency attenuating any noise in-
troduced at the top stage of the pendulum. A quadruple
pendulum, as used in aLIGO, has a 1/f8 response above
the highest pendulum mode-frequency. However, the mo-
tion at these mode-frequencies of the pendulum needs to
be attenuated. To avoid limitation by thermal noise the
use of materials with high quality factors (high-Q) is es-
sential. This is one reason the lowest stage of the aLIGO
test mass suspension is fully monolithic using fused sil-
ica masses and fibres of the same material [7]. Creating
a high-Q system like this means that mode-frequencies,
once excited, ring down only after very long times, as
A(t) = A(0) exp
[
−ωres
2Q
t
]
, (1)
where A(0) denotes an arbitrary initial amplitude, t is
time and ωres denotes the angular resonance frequency
of the excited mode.
There are two ways of damping these resonances, one
using active damping [8] the other using passive damping
[9]. The method described in ref. [8] uses active damp-
ing employing a coil-magnet actuator and a sensor. The
sensors measure the motion of the pendulum (shadow
sensors and optical levers are used in the case of aLIGO
[10]) and create a feedback signals for the coil-magnet
actuator. By sending a current through the coil, a coun-
teracting force can be applied to the pendulum to damp
its motion. Passive damping is described in ref. [9] where
a magnet and conductive surface are arranged such that
when the magnet moves relative to the conductive mate-
rial eddy-currents are induced which creates Joule heat-
ing due to the residual resistance of the material; this
heating represents power loss and thus damping of the
system. In this case the damping is viscous and thus
velocity dependent.
In Section II we show that thermal noise of a coil-
magnet actuator and required damping for a low mass
pendulum system as used in the Glasgow Sagnac speed
meter [11] are two contradicting goals. Section III
presents a solution to this problem and discusses the re-
sults of a switchable eddy-current damping system. In
Section IV we highlight a possible optimisation for sepa-
rate mode-frequencies.
II. DAMPING AND RELATED FORCE NOISE
Passive eddy-current damping is used at the upper-
most stage of the 100 g triple suspensions for optical
spring experiments at the 10 m prototype in Glasgow [12].
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FIG. 1. Schematic of the 1 g ITM suspension. The small
vertical blade springs dictate the use of a fourth pendulum
stage above the 1 g test mass to allow sufficient energy transfer
for damping resonance mode-frequencies of the low-mass high-
Q double pendulum.
A coil is wound around a copper former and a magnet
is fixed onto the pendulum giving rise to passive damp-
ing, actuation on the pendulum and, in the presence of
a sensor, could give rise to active damping. However, in
this case another noise source becomes more dominant:
due to the use of a conductive material such as copper
and a coil-magnet actuator, the amplitude spectral den-
sity of force noise due to thermal noise of the coil-magnet
actuator in [N
√
Hz
−1
] is given by [9]
f˜ =
√
4kBTγ, (2)
where γ is the the eddy-current damping constant of the
coil-magnet actuator, kB is the Boltzmann constant and
T is temperature. The displacement spectral density can
be deduced from multiplication with the corresponding
force transfer function of the pendulum.
From Equation (2) it is clear that high damping and
low force noise cannot be achieved simultaneously. In
general this is not a problem as passive damping is mostly
used in the uppermost stage of the pendulum and thus
filtered by the pendulum stages below. For certain other
applications this can lead to an issue. The so-called
Sagnac speed meter (SSM) experiment, currently be-
ing commissioned in Glasgow, uses 1 g input test masses
(ITMs) to ensure limitation by quantum radiation pres-
sure noise in the desired operating band (hundreds of Hz)
[11]. To minimise suspension thermal noise, the lowest
stage is fully monolithic and employs fused silica fibres
of diameter 10 µm. This creates high-Q pendulum mode-
frequencies of the lowest stage which need to be damped
whenever they are excited, e.g. when the cavities fall
out of lock. The mode-frequencies that are most likely
being excited by this and need to be damped for practi-
cal implementation of these low mass suspension systems
are longitudinal, rotation (yaw) and tilt (pitch). The
ITM suspension is designed as a quadruple pendulum
as shown in Figure 1. For vertical isolation two stages
of small blade springs are used at the suspension point
FIG. 2. Comparison of allowable to required damping for
a 1 g suspension used in the SSM. The required damping
is derived from ring-down times of the longitudinal mode-
frequency where times above 10 s are considered impractical.
The allowable damping considers a safety factor of 10 below
design sensitivity for one double pendulum.
and the top mass. The smallest blades at the top mass
require a minimal load of 100 g per blade. In order to
extract sufficient energy from the two orders of mag-
nitude lighter ITMs an extra pendulum stage must be
introduced to the design above the test mass, creating
a two-stage heavy pre-isolator pendulum from which a
low-mass high-Q double pendulum is suspended.
Figure 2 shows the simulated displacement spectral
density for a double pendulum with a 1 g test mass and a
4 g penultimate mass due to force noise of a coil-magnet
actuator acting on the penultimate stage for two damping
constants. This figure is based on the longitudinal force
transfer function of the pendulum given in [m N−1]. The
case for required damping is depicted in the red curve.
With a high damping constant we can achieve a sim-
ulated ring-down of 10 s for the longitudinal resonance
frequency. However, this case does not fulfil the desired
safety factor of times 10 in displacement sensitivity at
100 Hz. The case for allowable damping, shown in blue,
fulfils the safety factor, but results in impractical ring-
down times of order 100s of seconds due to a low damp-
ing constant. The opposing goals of required damping
and low displacement noise cannot be achieved simul-
taneously unless the required damping can be switched
to a significantly lower value during science mode of the
experiment.
III. MEASUREMENT OF SWITCHABLE ECD
A switchable eddy-current damper can be implemented
with modified standard coil-magnet actuators. The
damping of this system depends on the response of the
coil-magnet actuator and the residual resistance of the
coil. The higher the residual resistance in the coil, the
lower the damping of the system:
γ ≈ V
2
R
, (3)
3where γ denotes the damping factor in [kg s−1], V the re-
sponse of the coil-magnet actuator in [N A−1] and R the
residual resistance in [Ω]1. Equation 3 shows that break-
ing the coil loop or using a high resistance will result in
low or negligible damping. In order to demonstrate the
reduction in Q of a pendulum resonance mode-frequency
by switching the eddy-current damper on and off we use
a double pendulum suspension with masses of 75 g for the
top and test mass. A picture of this type of suspension
is shown in Figure 3 (right). Instead of conductive cop-
75g
75g
Switch open - 
low damping
Switch closed -
high damping
Laser
QPD
Coil on PEEK
coil former
3x6mm Nd
magnet
Suspended 
mirror with ECD
FIG. 3. Experimental realisation of switchable ECD. Top
left: The coils are wound around non-inductive PEEK coil
formers. Short-circuiting the coils results in damping (de-
pendent on residual resistance of coil) and opening the coils
and attaching one end to ground (current drive) or adding
a big resistance between the coil ends (voltage drive) results
in low damping but allows for actuation. Bottom left: Mea-
surements are performed in an optical lever set up. Right:
Picture of the suspension.
per coil formers, which would provide additional damp-
ing, Polyether ether ketone (PEEK) formers are used.
We use four coils at the penultimate pendulum stage
mounted rigidly to the suspension frame and four 3x6 mm
nickel coated neodymium magnets glued to the penulti-
mate mass. The coils are formed by 200 µm enamelled
copper wire with 150 turns leading to a residual resis-
tance of 3.6 Ω as measured at the switch terminals. The
coil-magnet actuators are arranged in a cross configura-
tion through the centre of mass of the top mass which
allows damping of yaw, pitch and longitudinal mode.
1 This approximation is frequency independent. We will discuss
frequency effects later on in Section IV.
The schematic layout can be seen in Figure 3 (top left).
The measurement is performed using an optical lever (see
Figure 3 bottom left). We use a silver-coated mirror as
a test mass in the suspension and a quadrant photodi-
ode (QPD) for the readout of ring-down times for the
lower frequency yaw mode which we use as an illustra-
tive example in this paper. The lower pendulum stage
of a double pendulum has two yaw modes, one common
(lower frequency) and one differential (higher frequency)
mode between the two masses2. For a measurement of
the ring-down of a specific resonance mode-frequency the
coil-magnet actuators are used to excite the pendulum
with an impulse. Shortly after, depending on which case
is measured, the switch to short circuit the coil is closed
(ECD on) or remains open (ECD off). The data from
the QPD is recorded with the Control and Data System
(CDS) [13] and analysed in MATLAB using its internal
fitting toolbox. We use the maxima of the oscillation for
an exponential fit and calculate Q-factor and damping
factor. The measurement data and fitted curve for the
yaw mode can be seen in Figure 4. This measurement was
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FIG. 4. Measurement of switchable ECD on a test suspension
in yaw. Light blue shows the ring-down measurement in ECD
off (switches open) mode and light red shows the ring-down
measurement in ECD on mode. The solid blue and solid red
curves are fitted to the maxima of the corresponding ring-
down measurement. We achieve a reduction of the Q-factor
of the yaw mode of a factor of 8 in this test experiment.
taken over 600 seconds and the improvement in damp-
ing can be quantified by the calculated Q-factor of about
10300 for this mode when the ECD is off and a Q-factor
of about 1300 when the ECD is on. The damping factor
for the ECD switched on can thus be calculated to be
1.26 g s−1 and 0.16 g s−1 for the ECD switched off. The
difference between these values, 1.10 g s−1, is the damp-
ing factor that can be attributed to the coil-magnet actu-
ator. We assume one coil acts as a damper for this rota-
tional measurement. The coil-magnet actuator was cal-
culated to have a response of 0.105 N A−1. Together with
the measured residual resistance of the coil of 3.6 Ω the
2 To show a clear and clean ring-down measurement we use only
one coil for damping of this system.
4damping for this coil can be deduced to be 3.0625 g s−1.
The mismatch between measured and calculated damp-
ing factor can be explained by alignment of the magnet
relative to the coil. In this case the coil former was in-
tended to be used with smaller 2x2 mm magnets and thus
does not allow the bigger 3x6 mm magnets to be placed
in the actuation sweet spot of the coil but 2.5 mm offset
resulting in lower response of the actuator. Our measure-
ment indicates a reduction in the damping factor of one
coil by a factor of 8 when the ECD is switched off (science
mode). Depending on which coils are used in the local
control assembly, switchable ECD can as well be applied
for pitch and longitudinal mode with the same reduction
in damping factor per coil.
For the 1 g ITM suspension of the Glasgow Sagnac
speed meter experiment it is planned to integrate four
coils with switchable ECD at the penultimate mass. In
this design each coil will contribute a damping factor of
2.4 g s−1 and ring-down times of certain resonance mode-
frequencies will be reduced to ∼10 s. The total damping
is a factor of two bigger for the longitudinal mode (four
coils) than for the rotational modes yaw and pitch (two
coils).
IV. OPTIMISATION OF DAMPING
In the previous section we used a frequency indepen-
dent approximation for the damping factor. This approx-
imation is only valid for small values of coil inductance
L and/or resonance mode-frequencies ωres. The damping
factor can in general be optimised for coil resistance. The
short-circuited coil can be described as a RL circuit. The
motion of a magnet inside a coil generates an electromo-
tive force (EMF) and hence a current in the coil. Due to
this magnetic induction a counter EMF is generated at
the same time which opposes the initial flow of current.
The flow of current and thus damping of the coil-magnet
actuator can be optimised by impedance matching of any
additional resistance to the RL-circuit. Equation 3 sug-
gests to aim for lowest resistance, but it can be shown
that this approximation is only valid for low inductances
of the coil and/or low resonance frequencies. For a given
mode-frequency ωres and given inductance L the optimal
impedance matched value of the resistance R for a given
RL-circuit can be calculated from
ωres =
R
L
(4)
The coils used in this experimental set-up described in
Section III have a calculated inductance3 of 355µH. Fig-
ure 5 shows the optimal coil resistance R in depen-
dence of resonance mode-frequency. Considering mode-
3 With the relative permeability of a neodymium magnet of 1.05
the upper bound for the coil inductance is 372.75 µH.
FIG. 5. Optimal residual coil resistance in dependence of
resonant mode-frequency assuming a certain coil design with
an inductance of 355µH. The red shaded area represents the
area in which resonant frequencies of a pendulum suspension
typically lie. The optimal resistance is far below the 3.6 Ω coil
resistance. The green shaded area shows the area above the
coil resistance and thus the area in which optimisations could
be achieved.
frequencies for the double pendulum used below 20 Hz,
the optimal values for R are below 450 mΩ and thus be-
low the residual resistance of the coil wire itself (3.6 Ω).
From this figure we can deduce that there is indeed an op-
timal value for R for given coil inductance L and that for
higher mode-frequencies this becomes an important opti-
misation to consider. However, for the pendulum mode-
frequencies as well as coil dimensions in this paper this
optimisation is not feasible.
V. CONCLUSION
In this paper we have demonstrated an adjustable
passive damping system with switchable eddy-current
dampers as a solution for the problem of force noise aris-
ing from thermal fluctuations of viscous damping in a
high-Q pendulum system. High damping for practical
ring-down times of the pendulums mode-frequencies and
low thermal noise due to damping in a coil-magnet actu-
ator are two opposing goals in suspension design. In our
system our measurements showed that switchable eddy-
current damping allows for a reduction in the damping
factor of the chosen coil-magnet actuator by a factor of
8 for one coil and thus reduces force noise due to ther-
mal noise of the actuator. Depending on the coil-magnet
actuator design varying factors are possible to achieve.
A general optimisation of the damping for certain
mode-frequencies is possible by choosing the impedance
matched value for the residual resistance. For the actu-
ator design presented in this paper, this optimisation is
not possible due to the high residual resistance of the coil
wire and the low mode-frequencies of the double pendu-
lum.
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